The striped pigmentation pattern of zebrafish is determined by the interaction between pigment cells with different colors. Recent studies show the behaviors of pigment cells are substantially different according to the environment. Interestingly, the resulting patterns are almost identical, suggesting a robustness of the patterning mechanism. To know how this robustness originates, we investigated the behavior of melanophores in various environments including different developmental stages, different body positions, and different genetic backgrounds. Normally, when embryonic melanophores are excluded from the yellow stripe region in the body trunk, two different cellular behaviors are observed. Melanophores migrate to join the black stripe or disappear (die) in the position. In environments where melanophore migration was restricted, we observed that most melanophores disappeared in their position, resulting in the complete exclusion of melanophores from the yellow stripe. In environments where melanophore cell death was restricted, most melanophores migrated to join the black stripes, also resulting in complete exclusion. When both migration and cell death were restricted, melanophores remained alive in the yellow stripes. These results show that migration and cell death complement each other to achieve the exclusion of melanophores. This flexibility may be the basis of the mechanistic robustness of skin pattern formation.
| INTRODUCTION
Past studies of skin pattern formation in animals occurred using two different methodologies: theoretical studies and experimental studies.
Most theoretical studies were based on Turing's mathematical hypothesis called the reaction-diffusion model (Murray, 2001; Turing, 1952) . Many computer simulation studies of the reaction-diffusion model show that a variety of two-dimensional patterns can be generated using the Turing model (Gierer & Meinhardt, 1972; Liu, Liaw, & Maini, 2006; Maini, 2004; Murray, 2001; Murray & Myerscough, 1991) . Moreover, this model is able to predict dynamic alterations in the skin pattern for some fish (Kondo & Asai, 1995; Yamaguchi, Yoshimoto, & Kondo, 2007) and also predict the pattern of hybrid offspring from parents with different patterns (Asai, Taguchi, Kume, Saito, & Kondo, 1999; Miyazawa, Okamoto, & Kondo, 2010) . From these impressive findings, the prevailing hypothesis is that the Turing mechanism underlies the skin pattern formation mechanism. However, the Turing model is difficult to use as the working hypothesis for experimental studies because of its abstractness. What the model suggests about the patterning machinery is the existence of "local activation" and "long-range inhibition" (LALI condition) (Kondo, 2017; Maini, 2004) . This is a simple and beautiful answer for mathematicians, but does not directly indicate any specific molecules or cellular behaviors involved in the pattern formation mechanism.
The experimental study of skin pattern formation also has a long history, and many animal species have been examined (Protas & Patel, 2008) . For two decades, extensive experimental studies in zebrafish were carried out because it was selected as a common animal model for molecular biology studies (Mullins, Hammerschmidt, Haffter, & Nüsslein-Volhard, 1994) . Zebrafish skin pattern is determined by the distribution of pigment cells with different colors: melanophores (black), xanthophores (yellow), and iridophores (silver) (Hirata, Nakamura, & Hondo, 2005; Hirata, Nakamura, Kanemaru, Shibata, & Kondo, 2003; Rawls, Mellgren, & Johnson, 2001) . Mutant lines with altered skin patterns were isolated using mass screenings, and the responsible genes were isolated Iwashita et al., 2006; Lister, Robertson, Lepage, Johnson, & Raible, 1999; Odenthal et al., 1996; Parichy, Ransom, Paw, Zon, & Johnson, 2000; Watanabe et al., 2006) . Investigation of these mutants shows that the interactions among the pigment cells play a critical role in pigment pattern formation (Frohnhöfer, Krauss, Maischein, & Nüsslein-Volhard, 2013; Maderspacher & Nüsslein-Volhard, 2003; Parichy & Turner, 2003; Patterson & Parichy, 2013) . Recently, interactions between melanophores and xanthophores were shown to be mediated via cell projections (Eom, Bain, Patterson, Grout, & Parichy, 2015) . By replacing the effect of diffusion in the Turing model with the length of the projections, Kondo et al. suggested the identified interactions between xanthophores and melanophores can compose a system equivalent to the Turing mechanism (Watanabe & Kondo, 2015) .
The stripe pattern emerges as the consequence of the behavior of numerous pigment cells. Therefore, to understand the logic of pigment pattern formation, we need to know how each pigment cell behaves in a given condition. However, the behaviors of pattern forming pigment cells often differ depending on the experimental system, which makes it difficult to construct a unified understanding.
For example, melanophores escape from xanthophores by directed migration in in vitro experiments (Inaba, Yamanaka, & Kondo, 2012; Yamanaka & Kondo, 2014) . However, when the first yellow stripe is formed in the body trunk skin, exclusion of melanophores occurs by both migration and death of melanophores (Takahashi & Kondo, 2008) . Moreover, when later melanophore stripes are formed, most of the melanophores appear as a black stripe and rarely migrate or die (Singh, Schach, & Nüsslein-Volhard, 2014) . Another problem is the role of iridophores. Even in mutant fish that lack iridophores, stripes in the fins are formed as in the wild-type fish, clearly suggesting that iridophores are not involved in the mechanism of skin pattern formation (Frohnhöfer et al., 2013) . However, in the body trunk, iridophore mutants fail to form stripes, suggesting iridophores are a necessary factor for pattern formation (Frohnhöfer et al., 2013; Mahalwar, Walderich, Singh, & Nüsslein-Volhard, 2014; Patterson & Parichy, 2013) .
A simple and straightforward conclusion to these problems is to expect different mechanisms in different environments (Patterson & Parichy, 2013) . However, it is also possible that the same mechanism operates, but it is flexible enough to cope with different environments in different ways. To address this question, we observed the process of melanophore exclusion in different developmental stages, different body positions, and different genetic backgrounds. Experimental results suggest that two alternative methods of melanophore exclusion contribute to the flexibility of the patterning mechanism.
2 | RESULTS 2.1 | Result 1: Exclusion of embryonic and late melanophores in the body trunk Figure 1b shows the arrangement of the pigment cells in the skin of zebrafish. The process of stripe pattern formation on the body trunk occurs as follows. First, embryonic melanophores appear at the position of the horizontal myoseptum, making a horizontal line ( Figure 1a ). Approximately one week later, xanthophores and iridophores appear in the same region and become the first yellow stripe (Figure 1c) . Melanophores in the region are excluded by escaping via migration or disappearing via cell death (Takahashi & Kondo, 2008) . The first two melanophore stripes are formed at both sides of the yellow stripe and are composed of the migrated embryonic melanophores and newly formed late melanophores in these regions. As the late melanophores mainly appear in the prospective black stripe region, it is unknown if they have the same properties as the embryonic melanophores when in the yellow stripe .
To test if the embryonic and late melanophores have similar properties, we traced the process of melanophore exclusion at the developmental stage standard length (SL) 7 mm (embryonic melanophore) and SL 9 mm (late melanophore). Figure 1c shows the process of embryonic melanophore exclusion between SL 7 and 11 mm. Eight melanophores were marked with numbers for fate tracking. In the case shown in Figure 1c , five cells migrated and joined the black stripes and three disappeared at their position. Many of the disappearing cells left small black vesicles, suggesting they died. We calculated "Melanophore migration rate" as the ratio of the melanophores that migrated to join the black stripe among all melanophores existed in the yellow stripe region at day 0. Static data for this exclusion of embryonic melanophores ( Figure 1e ) shows that the ratio of migration is almost 60%.
In the experiment shown in Figure 1d , we ablated the pigment cells (both xanthophores and melanophores) in the body trunk using a laser at the developmental stage SL 9 mm when the late melanophores are appearing. This operation induces the development of both xanthophores and melanophores almost randomly in the laser-ablated region which allowed observation of the behaviors of newly differentiated late melanophores located in the yellow stripe. Figure 1d shows that eight late melanophores emerged in the prospective yellow stripe and all of them were excluded. Four cells migrated and joined the black stripe regions, and four cells disappeared, which are marked by dotted circles. Static data for this exclusion of late melanophores (Figure 1e ) showed that the ratio of migration is almost 45%, which is not so much different from that of embryonic melanophores.
These results showed that both embryonic and late melanophores were excluded by the combination of migration and cell death, suggesting that the late melanophores possess very similar properties to embryonic melanophores, although their behavior in the natural process of pattern formation is different.
| Result 2: Exclusion of melanophores in the anal fin and tail fin
Next, we observed the exclusion of melanophores in the anal fin and tail fin. In the anal fin, fin-rays crossed the stripe pattern at approximately 60 degrees (Figure 2b ), whereas the fin-rays in the tail fin were almost parallel to the stripe patterns (Figure 2d ).
In the anal fin of SL 7-mm fish, melanophores and xanthophores were distributed in a mixed fashion (Figure 2a ). The region of yellow stripe became obvious at SL 8.8 mm, and finally, a clear boundary was seen at SL 11.1 mm (Figure 2e ). Using the position of a fin-ray segment, it was possible to trace the migration of the excluded melanophores. The prospective boundary is shown with a red-dotted line. Figure 2e shows the time course of the pigment cells segregation. Seven melanophores marked with dashed circles are examples of those that disappeared from their position. Six melanophores are examples of migrating cells. In the case of the anal fin, approximately 45% of the melanophores migrated and joined to more proximal or distal black stripes. The rest of the excluded melanophores disappeared. The ratio of migration to disappearance was almost the same as that in body trunk, suggesting that the properties of the melanophores in the anal fin and body trunk are similar (Figure 2g ).
During the process of migration, we found the melanophores mostly move in the direction the fin-ray runs. We never observed a melanophore move across a fin-ray, suggesting the fin bone restricts the migration of pigment cells. This gives an interesting insight into tail fin pattering. Because the pigmentation stripes in the tail fin are parallel to the fin-rays, melanophores escaping from the yellow stripes by migration need to cross the fin-rays. The process of melanophore exclusion in the tail fin is shown in Figure 2f . In the zebrafish tail fin, melanophores and xanthophores are mixed at SL 6.8 mm. Exclusion of melanophores starts at approximately SL 7.6 mm. It is interesting that exclusion was completed, although most of the excluded melanophores could not migrate across the fin-rays and instead disappeared in the yellow stripe region. We did not observe any melanophores that migrated over a fin-ray. This result suggests that the effect of the migration in melanophore exclusion can be compensated for by disappearance (cell death) when migration is restricted.
| Result 3: Exclusion of melanophores when migration or cell death is restricted
To confirm the compensation of migration observed in the tail fin, we used a mutant in which melanophore migration is restricted. Dali mutants have a defect in the tetraspanin 3c gene, and their melanophores poorly migrate (Inoue, Kondo, Parichy, & Watanabe, 2014) . Pigmentation patterns of the homozygous mutant fish (dali/dali) are slightly wider than the wild type. However, the exclusion occurs completely (Figure 3a) . Using this mutant (dali/dali), we traced the exclusion process of the melanophores.
At SL 7 mm, melanophores made a line similar to the wildtype fish (Figure 3c) . However, the later processes were different. When the xanthophores (and iridophores) were dominant in the region, very few melanophores migrated to join the black stripe (approximately 15%), but the exclusion was completed mostly by disappearance in the yellow stripe at SL 11.4 mm (Figure 3e ). This result confirmed that the compensation for migration by cell death also occurs in the body truck.
Next, we genetically restricted cell death in melanophores. Upregulation of cAMP signaling inhibits the cell death of mouse melanocytes (Rodríguez & Setaluri, 2014) . To upregulate cAMP signaling in zebrafish melanophores, we injected a constitutively active mutant of G proteincoupled receptor (Mus musculus guanine nucleotide 
binding protein, alpha stimulating, Graziano & Gilman, 1989) under the control of a melanophore specific promoter (Supporting Information Figure S1 ). We observed the melanophores isolated from transgenic fish (Tg(nacre-gicaGas-IHR))survived significantly longer than those from wild-type fish did. As shown in Figure 3b , although the black stripes of the Tg fish are wider than the wild type, the exclusion of the melanophores from yellow stripe region is perfect. Figure 3d shows the process of melanophore exclusion from SL 6.8 to 12.8 mm in this transgenic fish. At SL 7 mm, melanophores made a line in the position of the horizontal myoseptum as in the wild type. After the xanthophores (and iridophores) appeared in the region, melanophores were excluded completely from the yellow region. Most (approximately 85%) of the melanophores migrated to join the upper or lower black stripes. Only 15% of melanophores disappeared in the yellow region (Figure 3e ). This result shows that the compensation can occur in the opposite way. When cell death is restricted, exclusion of melanophores occurs mostly by migration.
| Result 4: No melanophore exclusion occurs when both migration and cell death are restricted
Next, we observed the melanophore exclusion of double mutant zebrafish (dali/dali, tg:caGas) in which both migration and cell death were restricted. The result is shown in Figure 4a ,b. In dali mutant fish (dali/dali), the melanophore exclusion was complete until SL 10.5 mm. However, in the fish with both migration and cell death restricted, exclusion did not take place even at SL 13 mm (Figure 4a,b) . Because most of the melanophores remained alive in the yellow stripe, the boundary between the xanthophore territory and melanophore territory was obscure. Therefore, we did not count the number of migrating or disappearing cells in this case.
For the same experiment in tail fin, we used (tg:caGas) fish because migration is intrinsically restricted by the finrays. Again, we observed that many melanophores remained alive in the yellow stripe region (Figure 4c,d) , showing that the melanophore exclusion does not occur if both migration and cell death are restricted. 
| DISCUSSION
In this report, we observed the behavior of melanophores surrounded by xanthophores at different occasions (time, position, and genetic background) and found that exclusion of melanophores takes place by two alternative methods (migration and disappearance/death) that compensate for each other.
An important use of such data is to provide basic information for constructing a detailed simulation model based on the nature of real pigment cells. Most past simulations of skin pattern formation in zebrafish were based on Turing's reaction-diffusion model that assumes two diffusible substances interacting with each other (Asai et al., 1999; Miyazawa et al., 2010; Watanabe & Kondo, 2012) . Although such simulations were not based on detailed experimental data, they were able to form a variety of skin patterns and predict complex and dynamic pattern changes correctly. This may be because the mathematical property of the real system is similar to Turing's model. As a result, the interactions between melanophores and xanthophores were roughly homologous to the necessary conditions of the stripe pattern formation in the Turing model (Watanabe & Kondo, 2015) . However, such primitive simulations need to be replaced by detailed simulations based on the nature of pigment cells.
When the first yellow stripe is formed, melanophores are excluded not only in the body trunk, but also in fins. However, at the later stages of stripe pattern formation, most of the melanophores appear to be part of the black stripe and rarely migrate or die . In vivo experiments from Nakamasu, Takahashi, Kanbe, & Kondo, (2009) also show that the positions of newly emerging melanophores are influenced by the neighboring stripes. These data seemingly suggest two different mechanisms for the separation of pigment cells with different colors. However, the algorithm shown above can also explain such cases by a simple assumption. When a laser ablates all the pigment cells, melanophores appear randomly, irrespective of the original stripes approximately 2 days later (Figure 1d ). This suggests that the (unpigmented) precursors distribute randomly. When a precursor cell in the yellow region is newly differentiated to a melanophore, it starts to accumulate pigments and, at the same time, starts to be excluded. If the exclusion is quicker than accumulation of the pigments, the black melanophores should appear in the correct place. A recent report by Eom et al., (2015) detected the dynamic interaction in which the melanophores are excluded by a fine projection from xanthophores. It may be possible to observe the same behavior with unpigmented melanophores and measure the rate. (This experiment would be very difficult, as it needs to detect just the differentiated melanophores.)
Another problem is the contribution of iridophores. The stripes in the body trunk of wild-type fish seamlessly extend to the tail fin without changing the line width, suggesting that identical patterning is operating. However, mutant fish lacking iridophores cannot form correct stripe patterns in the body trunk, whereas the same fish can develop normal stripes in the fins (Frohnhöfer et al., 2013; Patterson & Parichy, 2013) . This suggests some difference in the mechanism, and two different interaction networks are temporally presented for the pattern in the body trunk and fins. As melanophores behave very similarly in both the body trunk and fins, the cause of this difference may be in the behavior of the xanthophores. Parichy's group has beautifully shown that iridophores express colony-stimulating factor 1 (cSF1) and xanthophores require the signal from this ligand to develop (Patterson & Parichy, 2013) . They also found cSF1 is expressed by other fin cells. If these unidentified cSF1 expressing cells interact with xanthophores as iridophores do, the same interaction network can be adapted to both body trunk and fins. The skin pattern emerges as the consequence of local interactions among thousands of pigment cells. Therefore, to understand the logic of pigment pattern formation, we need a cell-based simulation model that incorporates the pigment cell behavior obtained from this experiment. Some recent mathematical studies (Volkening & Sandstede, 2015) are rather successful in reproducing the stripes. However, most of the parameters are not taken from real data. Temporally, the detailed behavior of pigment cells is provided only for an early stage in the body trunk (Mahalwar, Singh, Fadeev, Nüsslein-Volhard, & Irion, 2016; Mahalwar et al., 2014) . In this study, we have investigated the behavior of the melanophores in many different environments and have shown experimentally how the robustness of the skin pattern formation is secured. The data presented here should be useful to test the feasibility of simulation models. Incorporation of experimental and the mathematical studies will help us to reach a full understanding of the mechanism of animal skin pattern formation.
The data presented here should be useful to test the feasibility of simulation models. One of the issues I hope for the agent models is the estimation of the flexibility of the patterning mechanism. As we showed in this study, the real system is quite robust against the difference of parameter value and the environmental condition. On the other hand, the minimum models, for example the Schnakenberg model, are quite sensitive. I think such difference can be explained by the studies with a well-designed agent model. Incorporation of experimental and the mathematical studies will help us to reach a full understanding of the mechanism of animal skin pattern formation.
| EXPERIMENTAL PROCEDURES

| Generation of transgenic fish
All experiments in this study were conducted in accordance with the guidelines and approved protocols for animal care and use at Osaka University, Japan.
To express constitutively active G protein ectopically, we used the Tol2 transposon-based transgenic system (Urasaki, Morvan, & Kawakami, 2006) . Total RNA was isolated from mouse 3T3 cells using an RNeasy kit (Qiagen), and reverse transcription-PCR was performed using the Super Script III First-Strand Synthesis System (Invitrogen).
Primer sets used to generate the constitutively active G protein construct are as follows: caGas_A_Sal1_F: AATGTCGACCCACCATGGGCTGCC TCGGCAACAG caGas_A_R: TCATCGCGcagGCCGCCCACATCGAAC caGas_B_F: TGGGCGGCctgCGCGATGAGCGCCGCA caGas_B_Not1_R: ATTGCGGCCGCTTAGAGCAGCTC GTATTGGC Small characters indicate the mutation position for the constitutively active mutant (Q227L) (Graziano & Gilman, 1989) . Vector construction and inserting the position of the transgene are as described (Inaba et al., 2012) . We used a 1.3-kb region upstream of the melanophore specification gene microphthalmia-associated transcription factor a (mitfa) to drive expression in melanophores (Lister et al., 1999) . In our previous reports (Inaba et al., 2012; Watanabe & Kondo, 2012) , we showed that an identical promoter could rescue the melanophore defect. caGas fragments were then inserted into the Sal1-Not1 sites of the pTol2-nacre-gi-IRES-H2BRFP plasmid.
Plasmid DNA (25 ng/μl) and Tol2 mRNA (25 ng/μl) were co-injected in wild type or dali wpr21e1 fertilized egg. To confirm transgene insertions, we performed genomic PCR using specific primer sets.
| Time-lapse observations
Melanophore behaviors were analyzed in serial images that were recorded every day using a microscope (Leica MZ16FA; Leica) and software (Leica Application Suite Version 2.4.0 R1; Leica). To distinguish each melanophore, we treated fish with two to three drops of 10 mm epinephrine, causing the melanosomes accumulate to the cell center. The images were transferred to ImageJ soft war e for anal ysis. As the fish grow during the experiment, rescaling of each image is required to determine the migration path of each pigment cell. We took the myoseptum and the fin lower edge as the reference points, which were used for repositioning of each image (Takahashi & Kondo, 2008) . To ensure the accuracy of this method, we applied the method to normal growing zebrafish and found all the pigment cells looked unmoved compared with the movement observed in the ablation experiments. Therefore, this method should be reliable enough to determine the migration path recorded here.
| Laser ablation experiment
Before ablation, the fish were anesthetized and mounted on a glass chamber slide. During ablation, fish were maintained under moist conditions with a weak anesthesia. Ablation was performed using a 440-nm multiple light pulse laser from the MicroPoint pulse laser system (Photonic Instruments), which was focused using a 10× objective on a microscope. In general, each pigment cell was broken down sufficiently by four to five laser pulses. Cell death from ablation was checked the next day, and any remnants were ablated.
| Calculation of melanophore survival rate in vitro
Pigment cells were isolated from adult zebrafish. The fish were anesthetized, and the tail and anal fins were removed and dissected into ∼3-mm squares. The dissected fins were incubated with 1 ml trypsin solution [2.5 mg/ml trypsin (TRL; Worthington), 1.2 mg/ml BSA (Sigma), and 1 mm EDTA in PBS] for 60 min at 28°C. After washing five times with PBS, the fins were shaken at 1000 rpm with collagenase solution [1 mg/ml collagenase I (CLS-1; Worthington), 0.1 mg/ ml DNase I (DP; Worthington), 0.1 mg/ml soybean trypsin inhibitor (SI; Worthington), and 1.2 mg/ml BSA in PBS] for 60 min at 28°C. The cell suspension was filtered using a 22-μm nylon mesh and then gradient-centrifuged with 50% Percoll (Sigma) at 30 g in 28°C. The pellet was resuspended in serum-free L15 (GIBCO) medium and spread onto a collagen IV-coated 96-well plate. At 24 hr after spreading, the medium was changed to L15 medium containing 10% FBS by exchanging one-half of the volume of the medium. The survival cell number was measured using Keyence all in one microscopy (Keyence). Before observation, we washed the dish to remove dead cells.
